Summary The regional distribution of blood flow to the LBDS, fibrosarcoma, transplanted into the subcutaneous site in rats, was investigated using the readily diffusible compound '4C-iodo-antipyrine ('4C-IAP). Quantitative autoradiography was used to establish absolute values of specific blood flow F for 100 x 100 x 20 1sm adjacent tissue volumes of the unperturbed tumour. Mean blood flow to whole tumours was found to decrease with increase in tumour size. This relationship was abolished if blood flow was only measured in sections cut from the periphery of the tumours. Detailed analysis of a sub-group of tumours showed that blood flow to individual tumours was heterogeneous. The range of blood flow was large, indicating that mean blood flow to a whole tumour is a poor reflection of the blood perfusion pattern of that tumour. Necrotic tumour regions were usually very poorly perfused. With the exception of the smallest tumours studied, blood flow was lower in the centre of tumours than in the periphery. Necrosis also tended to develop centrally. However, the peripheral to central gradient of blood flow was apparent even when densely cellular, viable tumour regions and necrotic regions were analysed separately. The decrease in blood flow with tumour size was also apparent in densely cellular, viable tumour regions when analysed separately. Qualitative comparison of tumour histology and regional blood flow showed that there were areas of very low blood flow associated with viable tumour regions. Less common were areas of rather high blood flow associated with necrotic tumour regions. A complicated relationship exists between tumour histology and blood flow. The quantitative autoradiography technique is suitable for investigating the most poorly perfused and the most well perfused viable fractions of animal tumours which may limit the efficacy of different types of therapy.
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The blood flow to tumours plays an important role in their treatment. In radiotherapy, the efficacy of treatment depends upon cellular oxygen concentration which is governed by respiration rate and local blood flow. In chemotherapy, blood flow determines the efficiency of drug delivery. In hyperthermia, the temperature elevation achieved and the sensitivity of cells to heat is influenced by blood flow. Blood flow is therefore a critical parameter to measure both experimentally and clinically.
It is known that blood flow to both transplanted animal tumours and to human tumours is heterogeneous (Chaplin et al., 1987; Ito et al., 1982; Vaupel & Frinak, 1980) . Therefore global measurements may not be the most pertinent means of describing tumour blood flow. For instance, global measurements will include blood flow to necrotic tumour regions which are not relevant for therapy. For hyperthermia, a knowledge of high blood flow in discrete tumour regions would be important because these regions are the ones most likely to limit efficacy of treatment.
Blasberg and colleagues used the inert, readily diffusible compound iodo-antipyrine to measure blood flow to transplanted rat brain tumours Groothuis et al., 1983) . Labelling of iodo-antipyrine with 14C facilitated autoradiography of tumour slices so that the regional distribution of tumour blood flow could be investigated. The method had originally been developed by Sakurada et al. (1978) for measurement of regional blood flow in normal rat brains.
In the present study, '4C-IAP has been used to measure regional blood flow to unperturbed transplanted rat fibrosarcomas. Regional variations in blood flow were compared to regional variations in histology. It is known that global blood flow to transplanted tumours decreases with tumour growth (Cataland et al., 1962; Song et al., 1980; Vaupel, 1979) . The influence of growth-related tumour necrosis on this relationship was investigated.
Methods

Tumours
A transplanted rat fibrosarcoma, designated LBDSI, was used for these experiments. Details of the origin of this tumour and its maintenance have been given elsewhere (Tozer & Morris, 1989) . Briefly, maintenance involves subcutaneous transplantation of 1-2 mm3 tumour pieces into the right flanks of 8-12-week-old male BD9 rats. Only tumours between the seventh and fourteenth generations away from the original spontaneous tumour were used for these experiments.
Three orthogonal caliper measurements of tumour diameter were used to produce tumour growth curves. Tumour volume (V) was calculated using the formula: V= It/6 (d, x d2x d3) where d,, d2 and d3 are the orthogonal tumour diameters corrected for a double skin thickness of 1.5 mm.
Gompertz curves were fitted to the tumour volume data using the formula:
InV= a-be-''-d where a, b and c are constants, d is a constant representing the time between transplantation and start of tumour growth and t is the time after transplantation.
Estimates of a, b, c and d were obtained from individual tumour plots of InV against t, using a non-linear fitting routine which employed a simplex algorithm to minimise the residual sum of squares, with all points given equal weights (Nelder & Mead, 1965 (Kety, 1960) . The details of the method for measuring blood flow using '4C-labelled iodo-antipyrine ('4C-IAP) have been published elsewhere (Tozer & Morris, 1989) . In that publication tissue levels of '4C-IAP were measured using liquid scintillation. In the present study tissue activity levels were measured using autoradiography of frozen tissue sections.
Briefly, tumour-bearing rats were anaesthetised with fentanyl citrate (0.315mg kg-') and fluanisone (10mg kg-') ('Hypnorm', Crown Chemical Co. Ltd) and midazolam (5 mg kg-') ('Hypnovel', Roche) . Polyethylene catheters containing heparinised 0.9% phosphate buffered saline were implanted into the right carotid artery, jugular vein and left femoral vein. '4C-IAP (Amersham), 1.11 MBq (30 pCi) in 0.4 ml 0.9% phosphate buffered saline, was infused into the rat's circulation via the femoral vein catheter over a 30s period. Arterial blood samples, in the form of free-flowing blood from the carotid catheter, were taken every second over the 30s infusion period (approximately 0.05 g s-'). Throughout this procedure rectal temperature was maintained at 35.0-37.5°C using a thermostatically controlled heating blanket. At the end of the 30s period the rat was killed and blood flow terminated by bolus injection of 0.3 ml saturated KCI via the jugular vein catheter. Tumours were removed rapidly from the dead animal and frozen in isopentane at -40 to -50°C. They were stored at -70°C until the assay time and orientated with respect to their position in the animal (see Figure 1 ). 14C activity in weighed arterial blood samples (Ca) was measured using liquid scintillation counting. Each blood sample was dissolved in 1 ml Soluene-350 (Packard) and left overnight. They were bleached with 0.5 ml 30% hydrogen peroxide and counted using Dimilume (Packard) as the scintillant and suitable quench correction.
Autoradiography
Tissue activity levels are measured using autoradiography. Cryostat sections 20 ym thick were cut perpendicular to the skin surface from the periphery of the tumour to the centre in 1 mm steps as shown in Figure 1 . Two sections were cut for autoradiography and two sections were cut for histology at each I mm step. Sections for autoradiography were picked up onto warm coverslips and sections for histology were picked up onto warm microscope slides. Both types were dried rapidly on a hot plate set at 60°C. Sections for histology were fixed in formal saline and stained with haematoxylin and eosin. The Kety (1960) :
where F is specific blood flow; C(T) is tissue concentration of '4C-IAP, measured by autoradiography, at time t = T, the end of the infusion time; Ca is arterial concentration of '4C-IAP, measured by liquid scintillation, from time t = 0 (when the arterial concentration starts to rise) to time t = T A. is tissue-blood partition coefficient of '4C-IAP; m is a value between 0 and 1 reflecting the extent to which diffusional equilibrium is established between tissue and blood.
In these experiments m was assumed to be 1, representing diffusional equilibrium. A value of 0.8 was used for X which has previously been established for these tumours (Tozer & Morris, 1989) .
A double exponential curve was fitted to the relationship between arterial blood '4C-IAP concentration (Ca) and time (t) following the method of Ohno et al. (1979) where:
where A, B, D, R and S are constants. Ingegration of equation (2) and substituting into equation (1) 
Values for C(T) were determined for each possible grey level from 0 to 255 in each tumour by calibration of tissue grey levels obtained from the autoradiograms of plastic standards of known radioactivity. Values for C(T) therefore represented intraparenchymal plus intravascular tissue activities.
Equation (3) Grey levels from the scanning densitometer were digitised to 256 levels of density and transformed into F values as described in the previous section. The 256 levels were reduced to 16 for display purposes, using a linear transformation. Each display level was allocated a different colour using a 'colour palette' table of hue, lightness and shading contained in a data file on the computer.
Blood flow data were displayed by examining each scan line in turn and transforming each data point into the appropriate display level. This was facilitated by using a system of 'run encoding' where advantage is taken of the likelihood that adjacent data values fall into the same display colour class. Where this condition holds true a coloured line can be drawn on the screen linking the first and last data point of the same colour cla'ss. This decreases the amount of information that must be sent to the graphics terminal since the positional information need only be sent for two points, rather than for all points in the same colour class of a particular region. A colour wedge relating display colours to blood flow was included in the final display.
For comparison of histology and blood flow, images of histological sections were projected onto plastic sheets such that the size exactly matched the size of the appropriate image of computed blood flow. Regions of different histologies, for each tumour section, were delineated on the plastic sheets. The sheets were overlaid onto the computed blood flow images and the outlines of the regions transferred onto the blood flow image using a 'mouse'. A mean blood flow value and a histogram showing the range of blood flow values were obtained for each delineated region as well as for each section as a whole. Boundaries were marked by drawing a series of straight lines around the selected area. The data contained within each area were written to a file for subsequent analysis. Up to 10 areas could be selected at any one time.
Results
Microscopic examination of tumour sections revealed the tumours to consist of irregularly accumulated cells with round or oval nuclei and ill-defined cell outlines. The cells were ordinarily densely packed (10.6 ± 0.9 x 103 cell nuclei per mm2) without distinct deposits of extracellular material, the overall picture corresponding to poorly differentiated sarcoma. All tumours showed a network of capillaries, and some included a few arterioles and venules, as well as rem- Figure 2 with blood flow >lOmllOOg'min-').
Additional information was obtained from quantitative analyses. Figure 4 shows the pattern of growth of the LBDS, tumour during its measurable phase. The doubling times show a progressive slowing of growth with increasing tumour volume. Means ± s.d. for a, b, c and d for the group of tumours shown in Figure 4 were found to be 9.61 ± 0.88, 9.08 ± 4.0, 0.17 ± 0.06 and 25.04 ± 2.38 respectively. Figure 5 shows that an overall decrease in tumour blood flow accompanies the slowing of tumour growth with increasing tumour size (panel a). The data fit the relationship log F = 1.54 -0.101 log V (0.001 < P <0.01). This is similar to results obtained by others for different tumours and different methods of measuring blood flow (Cataland et al., 1962; Reinhold, 1979; Song et al., 1980) . Figure Sb shows that a similar but slightly clearer relationship exists between blood flow and tumour size when blood flow is only measured from the sections taken from the centre of tumours (log F = 1.61 -0.139 log V). This is despite the fact that these 'central' sections inevitably include peripheral tumour regions around their edges. Figure Sc shows that this relationship is entirely lost if blood flow is only measured from sections taken from the periphery of the tumours.
These results could be explained purely on the basis of large tumours developing extensive areas of central necrosis which are poorly perfused compared to the periphery. In order to investigate this, further detailed analyses were carried out on nine of the tumours whose volumes ranged from 16 to 4,861 mm3. Two tumour sections, one from the periphery and one from the centre of each tumour, were chosen for histological analysis together with the adjacent autoradiograms. Blood flows to histologically defined regions in these sections were established as described in the previous section. the tumours. Each pair of columns represents a single tumour and they are ranked from left to right in size order. Figure 6a shows that this sub-group of tumours conforms to the pattern shown for the whole group in Figure 5a and b. Tumour blood flow is higher in the periphery than in the centre for all tumours over 800 mm3 and the decrease in blood flow with tumour size is apparent only for central sections. Blood flow is actually higher in the centre than in the periphery for the two smallest tumours (< 700 mm3). Figure 6b shows that reduced blood flow in the central sections is also apparent for all but one of the six largest tumours if data from dense regions only are analysed. Blood flow to dense regions of central sections showed the same pattern of a decrease with tumour size as in Figure 6a . Figure 6c shows that there is also a decrease in blood flow to necrotic tumour regions towards the centre of the tumours. In this case the four smallest tumours were excluded from the analysis since most of the sections from these tumours contained no necrotic regions. The largest amount of necrosis in any one of the sections from these tumours only contained 1,539 values for F. In the tumours which were analysed in Figure 6c there were at least 5,000 values for F in necrotic regions of any one section. The analysis showed that there was no relationship between blood flow and tumour size in necrotic regions.
Summarising Figure 6 , blood flow in central tumour regions tends to be higher than in the periphery for the smallest tumours analysed. This situation is reversed for larger tumours and those which have significant levels of necrosis. In the significantly necrotic tumours, the decrease in Figure 7 . The larger tumour (Figure 8 ) has been sub-divided into viable densely cellular, viable, sparsely cellular and necrotic regions. Figure 7 shows that the range of blood flow values obtained for the peripheral and central sections of the smaller tumour are very similar and there are no obvious differences between the distributions of blood flow within this range. Figure 8 shows that, despite a similar range of blood flow in the peripheral and central section of the larger tumour, the decline in blood flow towards the centre is due to an increase in the proportion of low blood flow readings in all three histological categories.
Discussion
The heterogeneous distribution of blood flow in the LBDS, fibrosarcoma probably results from both short-term alterations in tumour blood flow and a longer term response of the tumour vasculature to tumour growth. Evidence for the former comes from studies of tumours growing in transparent chambers (e.g. Reinhold, 1979) and from the work of Chaplin et al. (1987) (Cullen & Walker, 1985) . Hypnorm alone also has this effect (Menke & Vaupel, 1988) . We have found similar reductions in systemic blood pressure for the BD9 rat following Hypnorm and midazolam anaesthesia. Menke & Vaupel (1988) , using Blood flow (ml/100 g/min) Figure 7 The range of blood flow found in a central section and a peripheral section of a 752 mm3 tumour. The vertical axis is the % F values calculated for individual 100 x 100 x 20 jim tumour volumes which fall into the blood flow categories shown on the horizontal axis. Data are for histologically viable, densely cellular tumour regions only. There were no sparsely cellular regions present in this tumour. The necrotic region (see Figure 2) was too small to include in the analysis. 8"Kr clearance, also found that Hypnorm decreased mean blood flow of the DS-carcinosarcoma growing subcutaneously in Sprague-Dawley rats. This is likely to be associated with the fall in systemic blood pressure. The influence of an overall fall in blood flow with anaesthesia on the relationship between necrosis and the pattern of blood flow in the LBDS, tumour remains to be elucidated.
Occasionally, necrotic regions were found for which blood flow was comparable with that for viable regions (e.g. Figure 2 ). A speculation is that re-opening of previously occluded blood vessels could account for the relatively high flows in these regions, although the mechanisms for bringing this about are unknown.
Various hypotheses have been proposed to account for hypoxia and necrosis within a tumour. All of the factors invoked probably play some part in the eventual pattern of blood flow observed in the LBDS, tumour. First, a general rarefaction of the terminal vascular bed has been suggested to result from the high proliferation rate of tumour parenchymal cells versus the lower proliferation of vascular endothelial cells (Vaupel, 1979) . Second, careful studies by Falk (1978 Falk ( , 1980 Falk ( , 1982 showed that the pressures set up by tumour growth progressively changed the course of existing afferent and efferent tumour blood vessels and led to their stretching or constriction, the exact pattern of which depended upon tumour type. This would lead to a reduction in nutrient blood flow to the tumour via hypoperfusion rather than by vascular rarefaction. Wiig (1982) and Wiig et al. (1982) found low local perfusion pressures and high interstitial fluid pressures in the centre of DMBA-induced rat mammary tumours which may have arisen by the means described by Falk. This evidence supports the notion that constriction of existing blood vessels could lead to hypoxia and necrosis.
Comparing the present results with those of Blasberg and his colleagues (Blasberg et al., , 1985 Groothuis et al., 1983) for the same method of measuring tumour blood flow provides some similarities between different tumour systems. They concluded, from a study on the RT-9 tumour growing in the subcutaneous flank tissue of CD Fisher rats, that tumour blood flow was consistently low in central tumour regions, usually below I ml 100 g-' min-' (Blasberg et al., 1985 Blasberg and colleagues also studied the RT-9 tumour and other transplanted tumour types growing in the brain Groothuis et al., 1983) . The mean blood flow to these tumours was much higher than that in the subcutaneous tumours. This may be partly explained by the tendency of the tumours in the brain to be smaller than the subcutaneous tumours. However, a site difference is also implicated, since the maximum blood flow values found in the tumours in the brain were much higher than those in the subcutaneous site. In the LBDS, tumour the range of blood flow found was rather similar in tumours of different sizes. It was only the microdistribution of blood flow values that altered with tumour size.
Despite the high absolute blood flow values found in transplanted brain tumours, some observations were consistent with those found for the subcutaneous tumours. First, blood flow was lowest in necrotic tumour regions and, second, blood flow was lower in central than in peripheral tumour regions with the exception of the smallest LBDS, tumours. In the LBDS, tumour the difference between the centre and the periphery was true even for a separate analysis of viable tumour regions. Large, confluent areas of necrosis were absent in the brain tumours.
A decrease in global blood flow with tumour size, which has been observed for other transplanted tumours (Cataland et al., 1962; Song et al., 1980; Vaupel, 1979) The pattern of blood flow also appeared to change with tumour growth, the smallest tumours exhibiting centrally high flow while blood flow to the larger tumours was restricted to the periphery. Falk (1978 Falk ( , 1980 Falk ( , 1982 proposed that such a change could be brought about by the 'stresses and strains' of tumour growth. 
